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Introduction & Motivation 
light Higgses (mH < 130 GeV) are traditionally difficult to find

h -> bb ̅ decay mode revived for boosted Higgses via
 jet substructure (see BDRS, 0802.2470)

... what about boosted Higgses from BSM?

      h→ b̄b

In this talk:

S/√B~3.5
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Figure 3: The expected (dashed) and observed (solid) cross section limits for the individual search chan-

nels, normalised to the Standard Model Higgs boson cross section, as functions of the Higgs boson mass.

These results use the profile likelihood technique with 95% CL limits using the CLS construction.

the electroweak precision measurements [27]. The systematic uncertainties related to the QCD scale,

PDF and αS uncertainties are assumed to be the same as the Standard Model case for the gluon fusion

process. To account for the missing electroweak radiative corrections, which can have a sizable impact

on the production cross section, an additional ±10% systematic uncertainty is added linearly to the over-

all theoretical uncertainty on the production cross section. The impact of a heavy fourth generation of

fermions on the signal production rates in the various channels are not homogeneous, for a reinterpre-

tation of the searches for the Standard Model Higgs boson in this framework a specific combination is

therefore necessary. The result of this combination is illustrated in Fig. 7. With the aforementioned set

of model parameters, Higgs boson mass hypotheses above 116 GeV are expected to be excluded at the

95% CL and a Higgs boson with mass in excess of 120 GeV and up to 600 GeV is excluded at the 95%

CL. Previous exclusion limits in this framework, set by Tevatron and LHC experiments, are reported

in [19, 28, 29].

Conclusion

The outstanding performance of the LHC, that allowed more than 1 fb−1 of integrated luminosity to be

accumulated by the end of June of this year, exceeding the objective of the LHC for 2011, has continued

throughout the summer, allowing for additional datasets corresponding to 0.6 and up to 1.1 fb−1 of

integrated luminosity to be added to the H →WW (∗) → !+ν!−ν and H → ZZ(∗) → !+!−!+!− channels

respectively, extending the total dataset to up to 2.3 fb−1. The H →WW (∗) → !+ν!−ν channel has also

been updated, mostly with an improved b-tagging algorithm. Two less sensitive channels in the low

Higgs boson mass hypotheses range, H → ττ → !τhad3ν and H → ττ → !+!−+ 4ν , using 1.1 fb−1 of

data, have been added to the combination.

The Standard Model Higgs boson exclusion at 95% CL has been widened to Higgs boson mass
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Higgs from BSM decays

h

hh

h

new, 
potentially  

colored
stuff

high fraction of 
boosted Higgses

initial states are heavy           (∼ TeV)
while Higgs can be light 
                   

BSM stuff  often talks to the Higgs
BSM particles can decay to Higgses∴
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Boosted Higgses:

when a heavy particle (Higgs) is boosted, its decay remnants 
get closer together in the detector

both decay products (+ associated radiation) can be captured by 
taking a larger jet cone -- resulting in a single ‘fat-jet’

 Rjj ~ 2 mR/pT,R ~ 1.2 for mH ~ 120, pT,H ~ 200 GeV

these ‘resonance fat jets’  have several distinct characteristics, 
which we can use to our advantage
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1. large mass:

2. distinct energy deposition pattern: multiple ‘cores’ of energy

3. no combinatorics: 

mJ ~ mH
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mJ ~ pT ΔRgq
typically << mHJ J

Boosted Higgses: (BDRS)
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1. large mass:

2. distinct energy deposition pattern: multiple ‘cores’ of energy

3. no combinatorics: 
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mJ ~ pT ΔRgq
typically << mH

exploring the jet on smaller and smaller scales:
at some point, signal jet will fall apart into ~2 subjets with similar properties. 
QCD background is dominated by asymmetric splitting, 
                                                   so it will rarely look like the signal.. 

2 body decay, Eb = EH/2 radiation, dominated by Eg << Eq vs.

J J

look for Higgses within single ‘fat’ jets passing these 
substructure criteria, not between all pairs of jets

Boosted Higgses: (BDRS)
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boosted techniques, while powerful, are limited in 
the SM by the small fraction of events with 

sufficient boost/topology: ~2-5% for W(lν)H(bb̅)

Boosted Higgses:

not the case for Higgses from BSM cascades!
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h

hh

h

1. ) Pick your favorite BSM model
• needs Higgs (the lighter, the better)
• needs stuff which interacts with Higgs

2.) Look in all BSM events, rather than just ~few channels             

3.) Find ‘fat’ jets passing substructure criteria

4.) Plot mJ, look for bump

on to BSM
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Higgs from SUSY cascade decays
with Grahm Kribs, Adam Martin and Tuhin Roy

Direct MSSM Higgs production: couple it to bottoms with large tanB

the routine SUBH of Ref. [131]. This choice is dictated by the wish to discuss all processes

within the same approximation to allow for consistent comparisons between them and, in

most of the numerical codes mentioned above, only this specific routine is incorporated.

The discussion on the detection of the Higgs particles at the Tevatron and the LHC27

will be mostly based on the summaries given in Refs. [325–338], where the various details

can be found. Some material, in particular a list of the various backgrounds for the SM–

like processes and the various tests which can be performed on the properties of the Higgs

particles, has been already presented in §I.3 and will not be repeated here.

3.1 The production of the neutral Higgs bosons

The production of the neutral Higgs bosons of the MSSM proceeds essentially via the same

processes that have been discussed in the case of the SM Higgs particle, Fig. 3.1, that is:

associated h and H production with W/Z : qq̄ → V + h/H (3.1)

vector boson fusion for h and H production : qq → V ∗V ∗ → qq + h/H (3.2)

gluon − gluon fusion : gg → h/H/A (3.3)

associated production with heavy quarks : gg, qq̄ → QQ̄ + h/H/A (3.4)

[The pseudoscalar Higgs boson A cannot be produced in association with gauge bosons or in

the weak boson fusion processes at the tree–level, since direct A couplings to gauge bosons

are forbidden in the MSSM by CP–invariance.] However, as already mentioned, because of

the different couplings of the Higgs particles to fermions and gauge bosons, the pattern for

the production rates is significantly different from the SM case. We summarize the main

differences in this subsection, channel by channel.
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signatures which are specific to the MSSM.

Figure 3.35: The production cross sections for the neutral and charged MSSM Higgs bosons
at the Tevatron as a function of their masses for tan β = 3 and 30; the thin lines correspond
to the production of the A boson. The various parameters are as described earlier.

Figure 3.36: The same as Fig. 3.35 but for the LHC.

202
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signatures which are specific to the MSSM.

Figure 3.35: The production cross sections for the neutral and charged MSSM Higgs bosons
at the Tevatron as a function of their masses for tan β = 3 and 30; the thin lines correspond
to the production of the A boson. The various parameters are as described earlier.

Figure 3.36: The same as Fig. 3.35 but for the LHC.
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H̃

W̃±,0, B̃
H = (h, W

±
, Z

0)

Higgs-Higgsino-Gaugino 
interaction

g,g’

Boosted Higgs in the MSSM...

... fed into from squark 
production ( several pb)

= LSP = ET

squarks prefer to decay to winos/binos (not 
higgsinos), therefore maximum # Higgses 

when: 
MQ̃ > M2, M1 > µ

Q̃ j
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when the scale of SUSY-breaking is light (gmsb), 
gravitino is the LSP

G̃ = LSP

hχ0

...

Boosted Higgs in the MSSM...
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when the scale of SUSY-breaking is light (gmsb), 
gravitino is the LSP

G̃ = LSP

hχ0

Q̃ j

χ0 → γ / Z /h

depending on M1, M2, µ, tanβ

|µ|�M1, M2

•  can get appreciable BR to Higgses when the
   lightest neutralino is primarily Higgsino

(Matchev, Thomas ’99
Meade, Reece, Shih ’09)

•Mixed decay mode χ0χ0 → h + γ + /ET + X
is especially clean

...

Boosted Higgs in the MSSM...

9Sunday, August 28, 2011



• MSSM Higgs has to be light                            ,
                                               decays dominantly to 

•  All events have
                                

mh � 130 GeV

/ET

bb̄

makes SUSY cascades ideal for 
Higgs hunting

• mass hierarchy requirements are mild

BUT, don’t get Higgses in cascades from mSUGRA

universal BC + EWSB 
large µ  term

(so, rarely studied)

no H in cascades

Boosted Higgs in the MSSM...
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Neutralino LSP Results: #1
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bbZ + 
W + jets

Z + jets

SUSY

 = 14 TeVs, -1b invariant mass, L = 10 fbb

Results: Point #2

BR(χ̃0 → G̃ + γ) ∼ 43%
BR(χ̃0 → G̃ + Z0) ∼ 29%
BR(χ̃0 → G̃ + h) ∼ 28%

Candidate Higgs-jet mass

3rd generation squarks and gluinos 
play a bigger role in SUSY production, 

more b/t quarks in the events

same ino spectrum as previous,  
  but light squarks now 1 TeV

|µ|
M1

M2

750 GeV

600 GeV
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candidate Higgs jet mass (GeV)
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SUSY

 = 14 TeVs, -1L = 10 fb

“What good is that fancy substructure?”

HT > 1 TeV, /ET > 300 GeV
HT > 1 TeV, /ET > 300 GeV
4+ high− pT jets,no leptons

Comparison*: with substructure analysis vs. with PGS

Mbb̄

3
+
high-pT jets, no leptons

1 candidate Higgs

*not totally fair

2+ b-tags
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Neutralino LSP Results: #2
technique holds up  at low         and    

               , where traditional 
approaches have the most trouble

M1

M2

1 TeVmQ̃

200 GeV
400 GeV

mA 150 GeV

µ = 200 GeV, tanβ = 5

tanβ
mA

Can even discover heavier 
A,H states!

µ = −150 GeV, tanβ = 6.5
√

s = 14 TeV
L = 10 fb−1
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In MSSM Higgs searches, the final state always 
contained two BSM particles (LSPs) -> an automatic 

handle for suppressing SM background (MET)

BUT, new physics may not have such a distinct feature

To study this, consider a minimal extension of the SM 
by a new vector-like quark T

(3, 1)2/3T = (TL, TR) same Q# as tR

Higgses from Top-partners

Can we still use BSM-Higgs interactions + 
substructure to assist Higgs discovery?
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W/Z
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p

p

Higgses from Top-partners
always one top quark

short cascade:
Higgs pT ~ MT/2

(vs. ~MT/4 for MSSM)

+ additional gauge boson/top

4+ bs, many jets! 

15Sunday, August 28, 2011



t/b

W/Z

h

t

T

T

p

p

Higgses from Top-partners
always one top quark

short cascade:
Higgs pT ~ MT/2

(vs. ~MT/4 for MSSM)

+ additional gauge boson/top

final state characterized by multiple, highly 
boosted resonances

4+ bs, many jets! 

15Sunday, August 28, 2011



t/b

W/Z

h

t

T

T

p

p

Higgses from Top-partners
always one top quark

short cascade:
Higgs pT ~ MT/2

(vs. ~MT/4 for MSSM)

+ additional gauge boson/top

final state characterized by multiple, highly 
boosted resonances

require multiple ‘tags’ (Higgs + top, Higgs + W, etc.) to 
suppress SM background, ease combinatorics

4+ bs, many jets! 
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Higgses from Top-partners

Different analysis pathways for different T masses
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Appendix: Background details

In Table II we summarize all the background events we

have considered in this work. We list their cross sections

along and describe the parton-level cuts we use to gener-

ate these events. To avoid overcounting in the t̄t + jets

and W/Z + jets backgrounds, MLM jet-parton match-

ing was performed according to the procedure outlined

in [29].

Process σLHC

t̄t + 0 jets 254 pb

t̄t + 1 jets 133 pb

t̄t + 2+ jets 71 pb

t̄t + b̄b 2.6 pb

t̄t + Z 1.1 pb

Z(��) + 2 jets 80 pb

Z(��) + 3+ jets 29 pb

mT � σ(pp→ T �T̄ �)LHC

400 GeV 12.7 pb

600 GeV 1.29 pb

800 GeV 0.229 pb

1 TeV .054 pb

TABLE II: Signal and background cross sections (add single-

top, W/Z+ heavy flavor?) at a
√

s = 14 TeV center of
mass LHC. CTEQ5L pdfs and default renormalization and
factorization scales were used for all background processes.
Parton level cuts of pT,j > 25 GeV, |ηj | < 4, ∆Rjj > 0.4
were applied when generating all events with the exception
that no pT or |η| requirements were placed on the b-jets from
W/Z + b̄b. The t̄t + jets has been rescaled to the NLO value
of 855 pb (nope!) calculated using MCFM [cite], while the
NLO t̄t + b̄b and t̄t + Z cross sections have been taken from
[Plehn]. Signal cross sections have also been calculated at
NLO with MCFM.

In addition to the above backgrounds, we checked W +

6

MT = 400 GeV
resonance jet mass [GeV]

40 60 80 100 120 140 160 180 200

# 
ca

nd
id

at
e 

re
s.

 je
ts

 / 
8 

G
eV

0

10

20

30

40

50

60

70

40 60 80 100 120 140 160 180 2000

10

20

30

40

50

60

70  + jetstt
b+btt

+Ztt
Z(ll) + jets

bbZ(ll) + 
T

FIG. 5: MT = 600 GeV

resonance jet mass [GeV]
40 60 80 100 120 140 160 180 200

# 
ca

nd
id

at
e 

re
s.

 je
ts

 / 
8 

G
eV

0

10

20

30

40

50

60

70

40 60 80 100 120 140 160 180 2000

10

20

30

40

50

60

70  + jetstt
b+btt

+Ztt
Z(ll) + jets

bbZ(ll) + 
T

FIG. 6: MT = 400 GeV

resonance jet mass [GeV]
40 60 80 100 120 140 160 180 200

# 
ca

nd
id

at
e 

re
s.

 je
ts

 / 
8 

G
eV

0

2

4

6

8

10

12

14

40 60 80 100 120 140 160 180 2000

2

4

6

8

10

12

14
 + jetstt

b+btt
+Ztt

Z(ll) + jets
bbZ(ll) + 

T

FIG. 7: MT = 800 GeV. Resonance jet mass distribution.
We assume an integrated luminosity of 10 fb−1 at a 14 TeV
center of mass LHC.

V. CONCLUSION

Acknowledgments

This work was supported in part by the US De-

partment of Energy under contract number DE-FG02-

96ER40969 (GDK, TSR). AM is supported by Fermilab

MT = 400 GeV MT = 600 GeV MT = 800 GeV

Ch 1

Ch 2

Ch 3

Ch 4

Ch 5

combined 6.1 (0.6) 9.5 (1.4) 4.6 (1.5)

TABLE I: S/
√

B (S/B) listed for various search channels as
well as for the combination of all channels. The earch was
done for the heavy quark mass of 400 GeV, 600 GeV and
800 GeV.

operated by Fermi Research Alliance, LLC under con-

tract number DE-AC02-07CH11359 with the US Depart-

ment of Energy.

Appendix: Background details

In Table II we summarize all the background events we

have considered in this work. We list their cross sections

along and describe the parton-level cuts we use to gener-

ate these events. To avoid overcounting in the t̄t + jets

and W/Z + jets backgrounds, MLM jet-parton match-

ing was performed according to the procedure outlined

in [29].

Process σLHC

t̄t + 0 jets 254 pb

t̄t + 1 jets 133 pb

t̄t + 2+ jets 71 pb

t̄t + b̄b 2.6 pb

t̄t + Z 1.1 pb

Z(��) + 2 jets 80 pb

Z(��) + 3+ jets 29 pb

mT � σ(pp→ T �T̄ �)LHC

400 GeV 12.7 pb

600 GeV 1.29 pb

800 GeV 0.229 pb

1 TeV .054 pb

TABLE II: Signal and background cross sections (add single-

top, W/Z+ heavy flavor?) at a
√

s = 14 TeV center of
mass LHC. CTEQ5L pdfs and default renormalization and
factorization scales were used for all background processes.
Parton level cuts of pT,j > 25 GeV, |ηj | < 4, ∆Rjj > 0.4
were applied when generating all events with the exception
that no pT or |η| requirements were placed on the b-jets from
W/Z + b̄b. The t̄t + jets has been rescaled to the NLO value
of 855 pb (nope!) calculated using MCFM [cite], while the
NLO t̄t + b̄b and t̄t + Z cross sections have been taken from
[Plehn]. Signal cross sections have also been calculated at
NLO with MCFM.

In addition to the above backgrounds, we checked W +

6

MT = 600 GeV

resonance jet mass [GeV]
40 60 80 100 120 140 160 180 200

# 
ca

nd
id

at
e 

re
s.

 je
ts

 / 
8 

G
eV

0

10

20

30

40

50

60

70

40 60 80 100 120 140 160 180 2000

10

20

30

40

50

60

70  + jetstt
b+btt

+Ztt
Z(ll) + jets

bbZ(ll) + 
T

FIG. 5: MT = 600 GeV

resonance jet mass [GeV]
40 60 80 100 120 140 160 180 200

# 
ca

nd
id

at
e 

re
s.

 je
ts

 / 
8 

G
eV

0

10

20

30

40

50

60

70

40 60 80 100 120 140 160 180 2000

10

20

30

40

50

60

70  + jetstt
b+btt

+Ztt
Z(ll) + jets

bbZ(ll) + 
T

FIG. 6: MT = 400 GeV

resonance jet mass [GeV]
40 60 80 100 120 140 160 180 200

# 
ca

nd
id

at
e 

re
s.

 je
ts

 / 
8 

G
eV

0

2

4

6

8

10

12

14

40 60 80 100 120 140 160 180 2000

2

4

6

8

10

12

14
 + jetstt

b+btt
+Ztt

Z(ll) + jets
bbZ(ll) + 

T

FIG. 7: MT = 800 GeV. Resonance jet mass distribution.
We assume an integrated luminosity of 10 fb−1 at a 14 TeV
center of mass LHC.

V. CONCLUSION

Acknowledgments

This work was supported in part by the US De-

partment of Energy under contract number DE-FG02-

96ER40969 (GDK, TSR). AM is supported by Fermilab

MT = 400 GeV MT = 600 GeV MT = 800 GeV

Ch 1

Ch 2

Ch 3

Ch 4

Ch 5

combined 6.1 (0.6) 9.5 (1.4) 4.6 (1.5)

TABLE I: S/
√

B (S/B) listed for various search channels as
well as for the combination of all channels. The earch was
done for the heavy quark mass of 400 GeV, 600 GeV and
800 GeV.

operated by Fermi Research Alliance, LLC under con-

tract number DE-AC02-07CH11359 with the US Depart-

ment of Energy.

Appendix: Background details

In Table II we summarize all the background events we

have considered in this work. We list their cross sections

along and describe the parton-level cuts we use to gener-

ate these events. To avoid overcounting in the t̄t + jets

and W/Z + jets backgrounds, MLM jet-parton match-

ing was performed according to the procedure outlined

in [29].

Process σLHC

t̄t + 0 jets 254 pb

t̄t + 1 jets 133 pb

t̄t + 2+ jets 71 pb

t̄t + b̄b 2.6 pb

t̄t + Z 1.1 pb

Z(��) + 2 jets 80 pb

Z(��) + 3+ jets 29 pb

mT � σ(pp→ T �T̄ �)LHC

400 GeV 12.7 pb

600 GeV 1.29 pb

800 GeV 0.229 pb

1 TeV .054 pb

TABLE II: Signal and background cross sections (add single-

top, W/Z+ heavy flavor?) at a
√

s = 14 TeV center of
mass LHC. CTEQ5L pdfs and default renormalization and
factorization scales were used for all background processes.
Parton level cuts of pT,j > 25 GeV, |ηj | < 4, ∆Rjj > 0.4
were applied when generating all events with the exception
that no pT or |η| requirements were placed on the b-jets from
W/Z + b̄b. The t̄t + jets has been rescaled to the NLO value
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In addition to the above backgrounds, we checked W +

6

MT = 800 GeV

Higgses from Top-partners: results

MT ~ 500-600 GeV, 
all channels work 

well
lighter MT: higher rate, 
but less boost -> multi-
lepton channels work 

better

opposite is true for 
higher MT: 
channels w/ 

multiple boosted 
resonances work 

best

(plots: √s = 14 TeV, 10 fb-1 )
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Conclusions
BSM particles are often heavy, interact with Higgs 
-> decay of BSM stuff to Higgs is a great source of 

boosted Higgses

inclusive BSM signal + conventional cuts + BDRS 
substructure --> fantastic (light) Higgs signals, easily as 

significant (or more so!) than h -> γγ, h -> ττ 

plenty of room for more optimization, plenty of 
other tools to try out

• single BDRS-tagged object -- MSSM
• multi-tagged objects, tagged tops + h/W/Z

ex.)

 -- Top-partner
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EXTRAS
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Substructure = Magic?
NO, but packages together several effective 

handles which separate decay of high-pT 
color-singlet resonance from QCD 
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(from G. Piacquadio, Oregon Jet Workshop 2011)

these handles can be mimicked with fixed-R 
(more conventional) analysis, to some extent
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Results: Details

Signal:   SUSPECT2         PYTHIA6.4
Background:  ALPGEN            PYTHIA6.4 underlying event:

ATLAS tune

• All final-state hadrons grouped 
into cells of size (∆η ×∆φ) = (0.1× 0.1)

• Each cell is rescaled to be massless

b-tagging: 

jet-photon fake rate:

60%efficiency, 

.1%

2% fake rate

jet gymnastics performed using FastJet (hep-ph/0512210)
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 MSSM + boosted Higgses
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Figure 3: The fraction (in %) of boosted Higgses as a function of M1/µ for µ = 150 GeV
and tan β = 10 in samples of events generated by Pythia. In the plots the red and dotted
lines represent the percentages of Higgses with pT > 200 GeV and the green dot-dashed lines
represent the fraction of Higgs with pT > 300 GeV. In the left figure we kept the squarks
at 1 TeV and in the right figure squarks are lighter (750 GeV). All other relevant soft susy
breaking masses are kept at or above 1 TeV.
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Figure 4:

corresponding fake rate of 2%. Our algorithm is as follows:

1. The decomposition procedure starts with a b-tagged jet j. After undoing its last stage of

clustering, the two subjets j1 and j2 are labeled such that mj1 > mj2 .

6

pT(h) > 200 

pT(h) > 300 

Boosted Fraction

%

M1/µ

MQ̃ = 1 TeV
tanβ = 10

µ = 150 GeV
ML̃ = 1 TeV

M2 = 2M1, M3 = 7M1

Branching ratios and boosted fraction: neutralino LSP

Ex.) 
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“But I really liked SUSY Dark Matter...”
Though we typically have too little DM

permitting               , we can get consistent      
without losing all our Higgses 

ΩDMM1 � µ

M1

M2

1 TeVmQ̃

200 GeV
400 GeV

150 GeV
µ

shuts off bino -> Higgsino decaysM1 � µ

shuts off RH squark to Higgs cascades, reducing the signal rate

√
s = 14 TeV
L = 10 fb−1

23Sunday, August 28, 2011


